Abstract-This article presents results of a wide-band measurement campaign conducted at 38 GHz. The objective of the research was to determine multipath and time varying channel behavior of short-hop millimeter-wave point-to-multipoint radio links during various weather events. 73 963 power delay profiles (PDP's) were captured on three links, each comparable to proposed local multipoint distribution systems (LMDS) in a campus environment. Multipath was observed in unobstructed LOS links during rain but not during clear weather. Short-term variation of the received signal over 1-2 min observation periods is described by a Rician distribution with a factor which varies as a function of rain rate. Measured rain attenuation exceeds Crane Model predictions by several decibels.
Measurements and Models for 38-GHz Point-to-Multipoint Radiowave Propagation tailed knowledge of radio wave propagation channel. At frequencies above 10 GHz, one must not only consider classical propagation phenomena such as reflection, diffraction, and scattering, but also the interaction of electromagnetic waves with the atmosphere, and particles such as rain, snow, and hail [3] , [4] .
Research for broadband terrestrial propagation channel at microwave-and millimeter-wave frequencies has been reported for the past several decades. W. D. Rummler developed microwave line-of-sight (LOS) propagation model from extensive power measurements on a 42.5 km hop at 6 GHz [5] . An initial study for LMDS systems has been reported in [6] , where multipath, signal attenuation, depolarization, and cell-to-cell coverage issues were studied. Path loss and the presence of specular reflections as a function of antenna height were studied for LMDS environments in [7] . In [8] , narrowband and wide-band measurements were performed on point-to-point transmission at street level at upper microwave-and lower millimeter-wave bands of 9.6, 28.8, and 57.6 GHz for narrowband measurements, and 30.3 GHz for wide-band measurements. Research on propagation through vegetation has been reported in [9] for 9.6, 28.8, and 57.6 GHz, and in [10] for 9.6, 28.8, 57.6, and 96.1 GHz. However, none of these works studied the effects of weather on the channel. Rain attenuation has been studied by Crane [4] and others [11] [12] [13] [14] . Although the rain attenuation and depolarization effects were studied in detail, no research has addressed the effects of rain on the wide-band multipath behavior of the channel.
This paper presents one of the first studies of wide-band (200-MHz RF bandwidth) propagation under different weather conditions at millimeter-wave frequencies over short links. The measurement campaign was conducted from April to June 1998, via three cross-campus links at Virginia Tech [15] . These links represent typical LMDS links with various levels of obstructions due to vegetation. Specifically, these links provided an unobstructed path, a partially obstructed path, and a completely obstructed path by vegetation.
The measurement campaign produced a variety of results including average rain attenuation, short-term signal variation during rain, attenuation through glass and vegetation, and wide-band power delay profiles (PDP's). Received signal during rain is described by the average power and Rician probability density function (pdf). The relationship between Rician factor and rain rate shows the increase of the incoherent power and the decrease of the coherent power during heavy rain. The observed multipath propagation via an unobstructed LOS link during rain may be the result of two physical 0733-8716/00$10.00 © 2000 IEEE mechanisms: atmospheric inhomogeneities or changes in the electromagnetic properties (i.e., reflectivity) of the surrounding scatterers, such as building surfaces.
Based on the measurement results, a novel technique has been developed to estimate the worst case power, excess delay, and angle of arrival of a multipath component for any given antenna beam patterns. These multipath parameters are estimated using excess delay contour plot and the relative power contour plot, which are developed using antenna patterns and the geometry associated with the link. These contour plots allow wireless engineers to quickly determine the worst case multipath channel response based on site-specific information.
Section II describes the hardware of the measurement system used to conduct the wide-band path loss and PDP measurements. Section III discusses the experimental setup and measurement site information. Section IV presents the results of the measurement campaign and the empirical models derived from the measurements. Section V describes a novel prediction technique for multipath characteristics of a millimeter-wave communications link. Section VI presents conclusions from this work.
II. MEASUREMENT SYSTEM HARDWARE
Typical LMDS systems consist of a transmitting station (a hub) with a sectorized or wide beam antenna and a receiver (a subscriber) with a highly directional antenna. To recreate such a link, a sector horn transmitting antenna and a parabolic reflector receiving antenna were used in the measurement campaign. These antennas have been proposed for commercial 38 GHz LMDS. Table I summarizes the antenna information, where is the far-field Fraunhofer distance. Care was taken to ensure that the transmitter and receiver antennas remained in their respective far fields throughout the measurement campaign.
A spread spectrum sliding correlator channel sounder was used to measure the channel PDP's [16] . The channel sounder, which was originally designed for frequencies up to 5.85 GHz [17] , was upgraded by the authors to operate at 38 GHz [18] . The block-diagram of the system is shown in Fig. 1 , where an intermediate frequency (IF) of 5.4 GHz was used as part of an upconverter system with an RF output of 37.8 GHz. Note that 10-MHz Rubidium oscillators were used to drive both the pseudonoise (PN) sequence generators and the IF clocks.
Parameters for the sliding correlator system were carefully selected to optimize measurement performance. The effective isotropically radiated power (EIRP) was 40 dBm. The PN sequence clock rate was set to a value of 100 MHz, which provided a 10 ns time resolution, and a 200-MHz null-to-null RF bandwidth. The frequency offset between the transmitter and receiver PN clock was set to 100 KHz (i.e., a sliding factor of 1000) in order to provide a good compromise between measurement system speed and multipath dynamic range. In this configuration, the measurement system provided 50 PDP's per second and a multipath dynamic range of 25 dB. Switches were built into the measurement apparatus to change from wide-band measurement mode into continuous-wave (CW) measurement mode for antenna alignments and calibration. At each measurement site, received CW power levels were recorded every hour to verify the system stability. Also, free space calibration via an 30.5 m (100 ft) LOS link during clear weather conditions was performed to verify the performance of the hardware system. The difference between the theoretical path loss and measured path loss was less than 1 dB.
Careful records of rain ware taken every minute using a tipping bucket rain gauge with a resolution of 15.24 mm/h. The rain gauge was located on the rooftop at the transmitter or receiver site. It was assumed that the rain rate was relatively constant along the short links of less than 1 km. Results from [4] show that small rain cell sizes are on the order of 5 km 2 . Weather data files and measured channel responses were time stamped in order to establish a one-to-one correspondence between the channel PDP measurements and the recorded weather conditions.
III. MEASUREMENT SETUP

A. Point-to-Point Link Description
The summary of three cross-campus point-to-point links is listed in Table II . Their geometry is shown in Figs. 2 and 3 . The first link, L1, provided a 605 m unobstructed LOS path. The second link, L2, provided a 262 m obstructed path, where the LOS path was obstructed by the dense canopy of a big oak tree. The third link, L3, provided a 262 m partially obstructed path, where the leaves of an oak tree were sufficiently close to the LOS path, that they could partially obstruct the LOS path during windy weather conditions. For measurements via these links, the transmitter and receiver were both located indoors and were left to run continuously. This is essential to maintain antenna alignment, constant gain, and to capture sudden weather changes. Care was taken to measure the attenuation through the window glass (Section IV-E).
For each link, the equipment was turned on for at least 30 min before any measurements to reduce thermal drift. Then CW power measurements were performed for system calibration and antenna alignment between transmitter and receiver. The measurement system was then switched to sliding correlator measurement mode and PDP's were recorded at the receiver through each day during various weather conditions.
B. Attenuation Measurements
Excess attenuation due to tree, glass and weather events were measured with respect to free space path loss. In free space, the received signal power, , via an unobstructed LOS path with no multipath is given by (1) If an obstruction is present, then the received signal will suffer additional attenuation. Equation (2) accounts for additional attenuation mechanisms caused by the channel, where denotes the path loss induced by obstruction " " (2) Equations (1) and (2) were used to measure attenuation due to rain, hail, tree leaves, and window glass.
C. Time Dispersion and Short Term Variation Measurements
Time dispersion of the channel is caused by multipath components arriving at the receiver with different excess delays and plays a major role in the design of equalizer for high-speed wireless modems. To measure channel time dispersion, the bandwidth of the channel sounder must exceed the channel coherence bandwidth. This ensures that all significant multipath components can be resolved and recorded in a PDP.
Short term variation of the received signal is caused by the dynamic nature of the channel. Temporal variations in the channel result from various factors including randomly moving objects (such as tree leaves), changes in surface roughness of scatterers, and meteorological particles (such as falling raindrops). These channel dynamics drive many wireless modem specifications. For example, the update rate of an adaptive equalizer must exceed the Doppler spread of the channel so that its tap weights track the channel variations.
To measure channel dynamics, the sampling rate of channel measurement system must exceed twice the Doppler spread of the channel. In this campaign, the system speed is 50 PDP's per second, and has the capability of tracking short term variations for very low Doppler spread. For rapidly time-varying situations, higher channel sampling rates are required. On the other hand, rapidly sampled CW measurements can capture the high-speed channel dynamics.
D. Controlled Reflection Measurements
wide-band measurements via the unobstructed LOS link show multipath during rain. This multipath may be caused by the change in the electromagnetic properties of nearby building surfaces as they become wet. To investigate this phenomenon, controlled reflection measurements were conducted for glass and brick surfaces.
For each surface, specular reflected waves were measured for five incident angles of 15, 30, 45, 60, and 80 . Before the measurement, a free space calibration was carried out. Then, the transmitter and receiver antennas were aimed at the surface under study, and the measured received power was compared to the calibrated free space power. For each angle, the received power was first recorded for the dry wall. The wall was then soaked with water for three minutes, and the received power was again recorded. Due to the inherent limitation of our vertically polarized antennas, only reflection coefficients for the perpendicular polarization (the electric field is perpendicular to plane of incidence) were measured.
The front entrance of the new engineering building was chosen for the glass reflection measurements. The transmitter was located 6.1 m from the glass, and receiver was 24.4 m from the glass. A side wall of Shultz Hall was chosen for the brick reflection coefficient measurements. The transmitter and the receiver were located 15.2 and 30.5 m from the brick wall, respectively.
IV. MEASUREMENT RESULTS AND STATISTICAL CHANNEL MODELS
A total of 73 963 PDP's were recorded for the three crosscampus links. An example of a PDP is presented in Fig. 4 . Each PDP was processed to determine the number of multipath components above the noise threshold, ; the power of the LOS component, ; the power and excess delay time of each multipath component, , and ; the mean excess delay, ; and RMS delay spread, . Statistical results are summarized in the following sections.
A. Channel Multipath Characteristics 1) Multipath Channel Measurement Result Summary:
For all of the seven rainy days, statistics of multipath occurrence is Table III , and statistics of multipath parameters is summarized in Table IV .
In Table III , recorded PDP's are grouped by links, measurement date, and weather condition. For each group, multipath statistics are analyzed for different threshold levels, defined as the multipath component power with respect to the LOS component, -. For each threshold, the percentage of the PDP's that contains at least one multipath component that exceeds this threshold is calculated.
For path L1, results show no multipath under clear conditions. This is expected, since the specular reflected wave is reduced due to the rough surface scattering, and the reflected waves with large AOA are rejected by the directional antennas. However, multipath was observed during rain. On May 3, during moderate rain, a few multipath components were detected at least 14 dB below LOS. On May 1, strong multipath components were detected during heavy rain right before and after a strong hailstorm passed through the link. In 53% of the PDP's taken right before and after the hailstorm, a multipath component was detected 12 dB below the LOS component. During the hailstorm, the power of LOS component was reduced by 25 dB, and multipath was observed in only one PDP out of 58 measured PDP's.
For path L2 and L3, few multipath components were detected under clear conditions. This was due to the scattering leaves between the LOS link. Like in the unobstructed LOS link, more multipath components were detected during rain events. Results from these three links indicate that severe weather conditions and vegetation near LOS path may cause multipath. Further discussions of relationship between weather and multipath is presented in Section IV-A2.
In Table IV , statistics on mean excess delay and RMS delay spread are presented both in average and maximum for all the PDP's that contain multipath components. Also, maximum multipath level is calculated with respect to the LOS component. Results show that, during rain, the RMS delay spread can be as high as 9.7 ns on an unobstructed LOS path, and 15.9 ns on an obstructed path.
2) Weather Effects on Multipath Characteristics: Wide-band measurements showed significant changes in multipath characteristics during certain weather events. A comparison of the PDP's under different weather conditions is presented in Fig. 5 . All three PDP's were collected from L1. Although no multipath component was detected under clear conditions, multipath component was detected about 16 dB below LOS during the light rain on May 3, and 12 dB below LOS during the moderate rain before the hailstorm on May 1. On May 3, the small multipath components remained after the rain until the building surfaces dried up.
Two hypotheses may explain the presence of these multipath components. The first one is based on inhomogeneities in the atmosphere. Multipath components that occurred right before and after the hailstorm may be caused by the sharp edge of the hailstorm cell, which was illuminated by the antenna main lobe or first side lobe. In [19] , de Wolf and Ligthart showed that multipath could occur at the edges of very intense and compact rain cells. Pressure, temperature, and rain could alter the refractivity of the atmosphere, thus creating varying propagation paths and propagation delays.
The second hypothesis is based on the change of the electromagnetic properties of the surface or the formation of standing water surfaces during rain. The rough surface on the rooftop of Burruss Hall would diffusively scatter the incoming wave during dry conditions. However, if the surface becomes wet or standing water surface forms during a rain event, the reflected power in the specular direction would increase. Multipath components remained after rain, which seems to support this hypothesis.
Controlled reflection measurements were conducted to investigate the change of the specular reflected power from brick and glass surfaces under wet and dry conditions. Brick wall measurements showed that the reflected power of wet walls was 0.02 to 3.5 dB higher than the reflected power of dry walls. Similar results were found for glass walls, where the difference was as high as 6.8 dB.
B. Short-Term Variation
The measurement speed of 50 PDP's per second enables the measurement system to take a huge amount of data during a short period of time and track the channel dynamics. Results from Fig. 6 show a wide variation of the received signal power at constant rain rates. This section analyzes the signal variation at constant rain rates.
During rain, the received signal can be modeled as the sum of a constant (coherent) component, and randomly scattered (incoherent) components resulting from rain or other scatterers. Therefore, the resulting received signal is expected to follow a Rician distribution. 
where signal envelop coherent power; incoherent power; modified Bessel function of the first kind and zeroorder. The Rician pdf is typically used to model the received envelop in a wireless channel that has LOS. The pdf for the received power, , is then given by
Histograms of the received power at constant rain rate over short periods of 1-2 min are well described by (4) . An example of measured and theoretical pdf from (4) is shown in Fig. 8(a) .
Further, the mean and standard deviation of the received power from the measured data can be used to estimate Rician parameters and , and coherent and incoherent powers. By definition, the mean received power, , and standard deviation, , are given by
where denotes ensemble average. From (5) and (7), and can be solved from measured and . Rician distribution can also be parameterized by total power and factor, defined as the ratio of coherent to incoherent powers in dB. Using and from (5) and (7), is computed as follows: (8) Equation (8) shows that the factor is independent from the total received power. Therefore, the received power is normalized before calculating . The resulting factors for different rain rates are presented in Fig. 8(b) . A minimum means square error (MMSE) fit is applied to the data, which leads to the following relationship between the Rician factor (dB) and rain rate (mm/h) as (9) Equation (9) shows that the factor is proportional (with a negative sign) to rain rate. This is expected because as the rain rate increases, the coherent power decreases and the incoherent scattered power increases. The PDP's (Fig. 5) indeed show a decrease of the LOS power as the multipath power increases during rain.
Equation (9), combined with the received total power estimate, provides a powerful tool to model received signal variation and the resultant outage probability for LMDS systems. For a given rain rate and path length, the total received power can be estimated from (14) or (15) [Section IV-C, and factor can be determined by (9)]. Coherent power, incoherent power, and the pdf of received power can be modeled accurately using the models described in this section. Fig. 6 shows an example of measured rain attenuation versus rain rate. Measurements were taken on June 2 from 17:30 to 19:30 during a heavy rain storm in Blacksburg, VA. The rain attenuation was as high as 26 dB at the rain rate of 213 mm/h. The received signal power displays a strong correlation with rain rate. A summary of average rain attenuation versus rain rate is provided in Fig. 7 . Further, the measured rain attenuation is compared with the Crane prediction model. The Crane model estimates the median rain attenuation based on rain rate, polarization and path length. It is a theoretical prediction model based on the geophysical observations of rain rate, rain structure, and the vertical variation of atmospheric temperature. The model is summarized in (10)-(13) [4] for (10) for km (11) where (12) (13) and path attenuation due to rain in decibels; point rate in mm/h; path distance in kilometers. For paths longer than 22.5 km, the attenuation is calculated for a 22.5 km path, and the resulting rain outage time is multiplied by a factor of ( ). Multipliers and are rain attenuation coefficients, which are functions of frequency and polarization. As shown in Fig. 7 , our measurement results show slightly higher attenuation than the Crane model prediction. For link L1, where unobstructed LOS exists, the difference between the Crane model and our measurements is within 2.7 dB. For links L2 and L3, this difference increases to 5.2 dB.
C. Average Rain Attenuation
The measurement results give rise to upper bounds for rain attenuation, (14) and (15), for an unobstructed LOS path and a partially obstructed LOS path, respectively (14) (15) where attenuation estimate based on the Crane model; (mm/h) rain rate; (m) path length. These bounds provide a simple relationship between excess path attenuation, rain rate, and path length for short-haul links. The upper bound for partial obstructed LOS path provides an attenuation estimate that accounts for both rain and foliage.
D. Hail Attenuation
On May 1, a hailstorm passed through link L1. The hailstorm was preceded by light rain, then followed by heavy rain. The hailstorm lasted for two minutes and the hail size ranged from 0.5 to 1.5 cm in diameter. A total of 118 PDP's were measured before and during the hailstorm. The results of the rain and hail attenuation for May 1 are shown in Fig. 9 . Comparison with the 
E. Glass and Tree Attenuation
To measure the attenuation of dry glass, the receiver was set up in the Johnson Student Center, and the transmitter was placed outside the building with only the window glass between them. Comparison of the received power through the glass with the received power in free space shows that the attenuation due to the glass is 25.5 dB. The glass measured is a double-pane, tempered and tinted window glass. Furthermore, comparison of the received signal power before rain (with dry glass) and immediately after rain (with rain drops still on the glass) showed less than 1 dB path loss difference, which indicates negligible attenuation due to rain drops on the glass.
As shown in Fig. 3 , there is a row of oak trees in front of the Norris hall. Tree attenuation was estimated from measurements via two point-to-point links between McBryde Hall and Johnson Student Center. The path lengths for these two links were the same, with the only difference being whether or not the tree leaves blocked the LOS path. Measurements were taken during a calm, sunny day. The measured mean attenuation due to the dry leaves of a single oak tree is 17 dB.
V. A GEOMETRICALLY BASED MILLIMETER-WAVE MULTIPATH CHANNEL MODEL
A. General Description of the Model
Based on the high variability of reflections, a "worst case" method was devised to predict the maximum multipath delay or multipath power that could arise in a LMDS link. A prediction method for multipath channel characteristics is given in [21] based on a two-dimensional geometrical LOS model with omnidirectional antennas. The model developed in this work is a generalized three-dimensional model appropriate for any antenna.
The geometry of the model is depicted in Fig. 10 , where the LOS path length is , and a scatterer is located at . The scatterer may be a building wall, a rooftop, ground, or any object that has a large reflecting surface relative to the wavelength, which is on the order of millimeters for LMDS (at 38 GHz, for example, the wavelength is only 7.9 mm). The power of the wave reflected by the scatterer is dependent on polarization, angle of incidence, dielectric properties and surface roughness [22] . When highly directional antennas are used, strong multipath components are caused only by scatterers close to the LOS path. When the angle between the incident wave and the reflecting surface is very small (i.e., at grazing angle), effects of the surface roughness are negligible, and the reflection coefficient has an amplitude close to 1 [22] . At different incident angles, as shown in Section IV-A2, the surface appears more reflective when it becomes wet. For a worst case scenario, which is appropriate for equalizer design specification, each scatterer is assumed to be a perfect reflector with a reflection coefficient of 1. Practical reflection coefficients can be then taken into account based on this worst case model (Section V-C). A similar approach was also used in [23] to model street-level propagation at 55 GHz.
Under the assumption that the scatterer is a large perfect reflector, the relative received power, , and excess delay time,
, of each multipath component are computed as follows:
(16) Fig. 10 . Geometry of the model. (17) where distance from the reflector to the transmitter; distance from the reflector to the receiver; speed of light; normalized antenna power patterns for transmitter; normalized antenna power patterns for receiver. accounts for the excess free space path loss associated with the path length difference between the reflected path and LOS path, and are given in Fig. 11 . Given a path length and the location of the reflector , all the other parameters can be determined using the geometry shown in Fig. 10 .
The model is demonstrated for following canonical antenna system: the uniformly illuminated rectangular aperture antenna as the transmitting antenna and the uniformly illuminated circular aperture antenna as the receiving antenna. The normalized far-field radiation power patterns, and , for these antennas are given in [24] as follows: (18) where wavelength; and dimensions of the rectangular aperture;
where ; first-order Bessel function; angle in spherical coordinate system as shown in Fig. 10 . Power patterns in azimuth plane are shown in Fig. 11 . The theoretical antenna patterns provide excellent parametric approximations to the antennas used in this measurement campaign. 
B. Relative Power Zone and Excess Delay Zone
We define the relative power zone as the region where a perfect reflector (with ) would give rise to a multipath component whose power is within a certain range relative to LOS. Similarly, we define the excess delay zone as the region where a perfect reflector would give rise to a multipath component whose excess propagation delay is within a certain range of delay relative to LOS. Instead of calculating relative power and excess delay of multipath components caused by a scatterer in a given location, a more general approach applies the relative power zone and the excess delay zone.
For a certain excess delay , the boundary of the excess delay zone given by (16) forms an ellipsoid. The closed form equation for the ellipsoid is (20) where is a constant. It can be shown that the ratio of and axes of the ellipse changes with distance and is given by . An example of the excess delay zones is depicted in Fig. 12 for a path length of 1000 m. The contours represent excess delay zone boundaries.
Similarly, for a certain relative power level , the relative power zone is given by (17) . The resulting relative power zones for the canonical antennas are presented in Fig. 13 , where the contours represent the power zone boundaries.
The excess delay zone plot and the relative power zone plot provide a simple but effective way to identify worst case multipath characteristics for any millimeter-wave point-to-point deployment. By overlaying the plots onto a site map and identifying potential scatterers, engineers can quickly estimate the delay and power of possible multipath components. For instance, if a building with a smooth surface is located on the 10-ns contour line (of the excess delay zone plot) and the −20-dB contour line (of the relative power zone plot), then the worst case estimate of the multipath power and arrival time from this scatterer are −20 dB and 10 ns relative to LOS. The worst case mean excess delay and rms delay spread for this , are calculated based on geometry from the contour plots.
The maximum radii of excess delay zone and relative power zone can be analytically determined from LOS path length , expected delay , and expected power . From (20) , maximum radius of an excess delay zone, , is given by (21) where is in seconds and is in meters. Table V shows maximum excess delay zone radii for typical and . The maximum radii of relative power zones, , are evaluated using (17) . The results are shown in Table V . Results show that is proportional to . This is expected. When directive antennas are used for short-hop links, most of the energy is concentrated near the LOS path. Therefore, in (17), term (22) m (22) where is in meters and is in decibels. Equations (21) and (22) provide closed-form estimates of the worst case delay and power of multipath from a scatterer and can greatly simplify LMDS site planning and deployment.
C. Comments Regarding the Model
The excess delay contour plot in Fig. 12 is generated for a path length of 1000 m independent of antenna types. The relative power contour plot in Fig. 13 is developed using canonical antennas for any distance . Using (17) and (20) , one can easily develop plots for other path lengths and all types of antennas.
Second, the excess delay zones and relative power zones are spatial fields in three dimensions. Due to its radial symmetry about LOS path, the excess delay zone can be applied to any point in space. However, since the antenna patterns are generally not symmetric, the relative power zones in azimuth and elevation planes are different. Therefore, one should also develop relative power zones for the elevation plane. For any given point in the space, it is possible to find the projections onto these orthogonal planes. The power of the received multipath component is approximated by the sum of powers (in decibels) in each plane.
Third, the relative power zone and excess delay zone have interesting relationships with Fresnel zone. In fact, the excess delay zone can be viewed as a macro-Fresnel zone, where the distance between two successive zone boundaries gives rise to a particular propagation delay. A 1-ns delay corresponds to 0.3-m path difference, or 38 wavelengths at 38 GHz. Therefore, the excess delay zone boundaries are much larger than the Fresnel zone boundaries. For the specified antennas and a path length of 1000 m, the 760th Fresnel zone, 10 ns relative delay zone, and −20-dB relative power zone all have approximately the same maximum coverage. Excess delay zones and relative power zones, however, provide direct information about the worst case multipath power and delay. Fourth, the model is developed for the case where the reflection coefficient is one. This provides a worst case estimate when no information for the reflection coefficient of a potential scatterer is available. Realistic reflection coefficients can be measured or estimated using site-specific information. If the reflection coefficient is known, then the reflection loss is given by . This loss can be added to the model by simply adjusting the power levels of the relative power zones in Fig. 13 by the value of . Finally, the model assumes that each multipath component is the result of a single reflection. Ray tracing can be applied to account for higher orders of reflection. The contour plots may be used to define the environment necessary for ray tracing. For instance, if the system requires that all multipath components have a relative power less than −10 dB, then the ray tracing environment only needs to include those features within the −10 dB relative power zone, thereby reducing the complexity of the ray tracing model.
VI. CONCLUSION
This paper presented the results of a wide-band measurement campaign performed on three point-to-point links at 38 GHz. The purpose of the research was to study the effects of various weather events such as rain and hail on the behavior of the broadband millimeter-wave channel. The measured links included a 605 m unobstructed LOS link, a 265 m obstructed link and a 265 m partially obstructed link. PDP's were recorded at a rate of 50 PDP's per second, and weather conditions were recorded every minute. During the campaign, 73 963 PDP were collected, of which 36 338 PDP's were collected during rain or hail.
Time dispersion of the channel was analyzed for different weather events. Multipath statistics shows that while very few multipath components were detected in clear, dry weather, more multipath components were detected during rain. These multipath statistics, summarized in Tables III and IV , provide insight into the design of equalizers and the selection of modulation techniques.
The short-term signal variation was analyzed for 1-2 min intervals at constant rain rates. Results show that received signal variation during rain follows a Rician distribution. The relationship between Rician factor and rain rate as given in (9) shows increased scattered power and decreased LOS power at high rain rates. These results can be used to determine system outage probability.
Weather effects on received signal power were analyzed in terms of mean attenuation. Upper bounds of the mean attenuation were provided based on a modified Crane model in (14) and (15) for both unobstructed and partially obstructed links as functions of rain rate and path length. These upper bounds allow radio engineers to determine the additional fade margin necessary for the reliable operation of wide-band communication systems at millimeter-wave frequencies. Averaged attenuation in a hailstorm was measured to be 25.7 dB over the 605 m path.
Controlled reflection measurements on glass and brick surfaces showed that the specular reflection can increase by as much as 6.8 dB when the surface is wet. Attenuation measurements showed 17-dB attenuation through dense canopy of an oak tree, and 25.5 dB through a double-pane, tempered, and tinted window glass.
Finally, a deterministic approach was developed to facilitate the analysis of the multipath power, TOA, and AOA in a LOS millimeter-wave system. Through the use of the relative power zones, the excess delay zones, and system performance requirements, this approach greatly simplifies propagation prediction for millimeter-wave links. By applying the excess delay zone plot and the relative power zone plot to a site map, system engineers can identify potential reflectors and estimate worst case multipath characteristics.
